Sirtuins 1-7 (SIRT1-7) belong to the third class of deacetylase enzymes, which are dependent on NAD + for activity. Sirtuins activity is linked to gene repression, metabolic control, apoptosis and cell survival, DNA repair, development, inflammation, neuroprotection and healthy aging. Because sirtuins modulation could have beneficial effects on human diseases there is a growing interest in the discovery of small molecules modifying their activity. We review here those compounds known to activate or inhibit sirtuins, discussing the data that support the use of sirtuinbased therapies. Almost all sirtuin activators have been described only for SIRT1. Resveratrol is a natural compound which activates SIRT1, and may help in the treatment or prevention of obesity, and in preventing tumorigenesis and the aging-related decline in heart function and neuronal loss. Due to its poor bioavailability, reformulated versions of resveratrol with improved bioavailability have been developed (resVida, Longevinex ® , SRT501). Molecules that are structurally unrelated to resveratrol (SRT1720, SRT2104, SRT2379, among others) have been also developed to stimulate sirtuin activities more potently than resveratrol. Sirtuin inhibitors with a wide range of core structures have been identified for SIRT1, SIRT2, SIRT3 and SIRT5 (splitomicin, sirtinol, AGK2, cambinol, suramin, tenovin, salermide, among others). SIRT1 inhibition has been proposed in the treatment of cancer, immunodeficiency virus infections, Fragile X mental retardation syndrome and for preventing or treating parasitic diseases, whereas SIRT2 inhibitors might be useful for the treatment of cancer and neurodegenerative diseases.
Introduction
The benefits of the Fountain of Youth, able to extend human lifespan, have been a general goal, appearing in writings by the ancient Greeks and also in tales among the indigenous peoples of the Caribbean. The discovery that overexpressing the Silent information regulator (Sir2) prolonged the lifespan of Caenorhabditis elegans (1) and Drosophila melanogaster (2) attracted a lot of interest in sirtuins. This interest was even reinforced by reports that calorie restriction (CR) could extend lifespan in mammals by inducing sirtuin 1 (SIRT1) expression and promoting the long-term survival of irreplaceable cells (3) . A role for sirtuins in promoting longevity is now questioned due to the recent demonstration that high-level expression of Sir2 alone was not sufficient to increase lifespan relative to the transgenic controls, both in worms and flies, and all genotypes responded similarly and normally to CR (4) . However, a great interest has indeed emerged in the discovery of and in developing molecules able to regulate sirtuin activity.
Sirtuins belong to the third class of deacetylase enzymes, which require nicotinamide adenine dinucleotide (NAD + ) as an essential co-factor (5) . Acetylation and deacetylation is an important mechanism to regulate posttranslationally the activity of proteins. The mammalian sirtuin family is comprised by seven proteins, although deacetylase activity has not been reported for all members. However, all sirtuins contain a conserved catalytic core domain of 275 amino acids and have a stoichiometric requirement for the cofactor nicotinamide adenine dinucleotide (NAD + ) to deacetylate substrates ranging from histones to transcriptional regulators (6) . Promotion of longevity is perhaps the effect of sirtuins activity that has attracted most interest, although the family has been also linked to gene repression, the control of metabolic processes, apoptosis and cell survival, and to DNA repair, development, inflammation and neuroprotection (7) .
In this review we begin by introducing the mammalian sirtuins and giving a brief overview of their known activities in the context of their subcellular localizations. Next, we review compounds currently known to activate or inhibit sirtuins, discussing the data that support the use of sirtuin-based therapies for the treatment of human diseases.
Subcellular distribution and physiological roles of sirtuins
Mammalian sirtuin proteins have been found in a variety of subcellular locations. SIRT1 is predominantly nuclear (8) and SIRT2 is located mainly in cytoplasm (9) but they can shuttle between the nucleus and cytoplasm (10, 11) . SIRT3, SIRT4 and SIRT5 are mitochondrial proteins, although SIRT3 has also been identified to move from the nucleus to mitochondria during cellular stress (7) . SIRT6 and SIRT7 are nuclear sirtuins (12, 13) .
SIRT1 is the closest to yeast Sir2 in terms of sequence and enzymatic activity, and is also the mammalian sirtuin most extensively studied to date. SIRT1 is a key regulator of metabolism, and its activity is regulated by nutritional status, being up-regulated throughout the body during fasting and calorie restriction (3). SIRT1 up-regulates mitochondrial biogenesis in several tissues, stimulates fat and cholesterol catabolism in liver, skeletal muscle and adipose tissue, induces the gluconeogenic genes and repress glycolytic genes and activate fatty acid oxidation systemically (see (14) for a revision). SIRT1 controls the gluconeogenic/glycolytic pathways through the transcriptional co-activator PGC-1α, which leads to an increase in the mitochondrial mass and function in animal and in vitro models (15, 16) . In addition to the effect of SIRT1 orchestrating key metabolic adaptations, SIRT1 is also induced in pro-opiomelanocortin neurons that are critical for normal body weight and glucose homeostasis by reducing energy intake. This hypothalamic-specific, fasting-induced SIRT1 regulation is altered in leptin-deficient, obese mice (17) , and, lack of SIRT1 in these neurons causes hypersensitivity to diet-induced obesity (DIO) due to reduced energy expenditure (18) . Furthermore, a recent study has reported associations of SIRT1 single nucleotide polymorphisms (SNPs) to both obesity and body mass index (BMI) (19) . However, although SIRT1 overexpression was proposed to be associated to lifespan extension in some animal models (1, 2) , no evidence for an association between any of the tested SNPs and exceptional human longevity in the German population was detected (20) . The putative association between SIRT1 and lifespan in animal models was explained on the basis of the ability of SIRT1 to deacetylate p53 thus decreasing its activity (8) , for what it has been hypothesized that SIRT1 activity may also elevate cancer risk. There are conflicting data on the role for SIRT1 in cancer development. SIRT1 knockdown accelerated tumor xenograft formation by HCT116 cells, whereas SIRT1 overexpression inhibited tumor formation. High SIRT1 levels were also detected in normal colon mucosa and benign adenomas; and SIRT1 overexpression was observed in about 25% of stage I/II/ III colorectal adenocarcinomas but rarely found in advanced stage IV tumors (21) . On the other hand, up-regulated SIRT1 has been described in cancer cell lines as well as in tissue samples from patients with human lung cancer, prostate cancer, colon carcinoma and chronic lymphocytic leukemia cells (22, 23) . These results raise the possibility that inhibition of SIRT1 might suppress cancer cell proliferation. However, reduced SIRT1 levels have been also reported in breast cancer and hepatic cell carcinoma (HCC) compared with their normal controls, while slightly increase (thyroid) or no change (lung, colon, stomach, bladder, and skin) of SIRT1 levels were detected in other tumors (24) .
Human SIRT2 is a predominantly cytoplasmic protein that co-localizes with microtubules (9), α-tubulin being the main substrate of the SIRT2 deacetylase (25) . SIRT2 also interacts with and deacetylates Lys16 on histone H4, leading to the formation of condensed chromatin during the G2/M transition (26) . In addition, it has been shown to be downregulated in gliomas, suggesting that SIRT2 deletion may permit tumor development and that its repletion may act as a tumor suppressive therapy (27) . In fact, SIRT2-deficient mice develop gender-specific tumorigenesis, with females primarily developing mammary tumors, and males developing more hepatocellular carcinoma (28) .
In addition to the connection between SIRT1 and the mitochondria, SIRT3, SIRT4 and SIRT5, that are located in the mitochondrion, participate in the regulation of the basic mitochondrial biology, including ATP production, metabolism, apoptosis, and intracellular signaling (see (29) for a revision). Among the seven sirtuins found in humans, SIRT3 is the only for which the existence of correlation between a polymorphism and extended human lifespan has been found. A VNTR polymorphism in intron 5 of the SIRT3 gene has an allele-specific enhancer activity. Of note, the allele completely lacking enhancer activity is virtually absent in males older than 90 years (30) . Mitochondrial sirtuins appear to act in fine coordination with SIRT1, not only through transcriptional co-activator PGC-1α, but also because SIRT1 enhances SIRT6 expression and can regulate mitochondrial activity influencing the production of metabolic intermediates (31) . SIRT5 was found to deacetylate cytochrome c, and thus, it could participate in the regulation of apoptosis, but also in the modulation of this protein's function in respiration (32) .
SIRT6 plays a key role in DNA repair and maintenance of genomic stability in mammalian cells integrating stress signaling to prime the DNA repair machinery in response to oxidative stress (33) . SIRT6 knockout mice develop profound metabolic defects and ultimately die by four weeks of age (34) . SIRT6 overexpression induces massive apoptosis in a variety of cancer cell lines but not in normal cells, making SIRT6 is an attractive target for cancer therapy (35) . SIRT7 resides in nucleoli and is associated with active rRNA genes. It regulates transcription, and is required for cell viability in mammals (12) . SIRT7-deficient mice have reduced mean and maximum lifespan and develop inflammatory cardiomyopathy (36, 37) . SIRT7 interacts with factors involved in RNA Pol I-and II-dependent transcriptional processes and several nucleolus-localized chromatin remodeling complexes (38) . Table 1 summarizes both subcellular and tissue-specific localization of the different sirtuins as well as some of their different substrate specificities, functions and enzyme activities (see (39) for a review).
The wide spectrum of activities in which sirtuins participate is implicating these enzymes in the pathology of many diseases which include obesity-associated metabolic diseases, neurodegeneration diseases, inflammation, cardiovascular diseases, and cancer among others (39) . For what, modulation of sirtuins activity has great promise for the development of novel therapies against a myriad of metabolic and age-related diseases. Whereas almost all sirtuin activators have been described only for SIRT1, many inhibitors have been reported for SIRT1 and SIRT2, and to a lesser extent for SIRT3 and SIRT5.
Sirtuin activators
CR has been known for over 75 years to improve the health and to extend the lifespan of mammals. The initial conception that dietary restriction did not extend lifespan when sirtuins were deleted (2, 40) and that CR could extend lifespan in mammals by inducing SIRT1 expression (3) prompted the investigators into sirtuin research and in the discovery and develop of molecules able to activate them. Even when the role played by sirtuins in promoting longevity by themselves is now questioned (4), on the basis of the positive health effects of CR in mammals and the associated increases in SIRT1 (3), the discovery and development of SIRT1-activating drugs has attracted great interest both in sirtuins and in the discovery and develop of molecules able to activate them.
Resveratrol
The polyphenol resveratrol (RSV), a molecule containing two phenyl rings separated by a methylene bridge ( Figure 1A ), was the first compound discovered able to mimic CR by stimulating sirtuins (41, 42) . RSV induced gene expression patterns in multiple tissues that paralleled those induced by CR and showed a marked reduction in signs of aging without affecting the expression of any of the sirtuin genes (43, 44) . Age is a major risk factor for a variety of neurodegenerative disorders. In the Tg2576 transgenic mouse strain, a model that shows Alzheimer disease (AD)-type amyloid neuropathology, SIRT1 expression causally promoted α-secretase activity and attenuated Aβ-peptides generation in primary TG2576 neuron cultures (45) . Also, SIRT1 levels were upregulated in mouse models for AD, amyotrophic lateral sclerosis and in primary neurons challenged with neurotoxic insults. Of note, both RSV and ectopic expression of SIRT1 conferred significant protection against neurodegeneration (46) .
Revised data about bioavailability and pharmacokinetics of RSV have been previously published (47, 48) . In vivo studies have reported that RSV improves the general health in mice fed with a high-calorie diet (49) , showing a marked reduction in signs of aging, including reduced albuminuria and cataracts formation, decreased inflammation and apoptosis in the vascular endothelium, increased aortic elasticity, greater motor coordination, and preserved bone mineral density in mice (44) . Due to its poor bioavailability, reformulated versions of RSV with improved bioavailability have been developed. A nutraceutical formulation containing 150 mg/day resveratrol (resVida) also has demonstrated beneficial effects in healthy obese men, decreasing intrahepatic lipid content, circulating glucose, triglycerides, alanine-aminotransferase, and inflammation markers, mimicking the effects of CR (50) . Furthermore, oral RSV supplementation elicited an acute dose-related improvement in endothelium-dependent vasodilatation, which correlated with a dose-related increase in plasma RSV concentrations (51) . RSV administrated in the nutraceutical formulation Longevinex ® , improved the flow-mediated dilatation after 3 months of treatment, but this parameter returned to baseline 3 months after the discontinuation of Longevinex ® , and the treatment did not modify blood pressure, insulin resistance, the lipid profile or inflammatory markers (52) .
On the other hand, RSV treatment reduced tumorigenesis in SIRT1+/−;p53+/− mice which develop tumors in multiple tissues, and this protective effect was explained on the basis of SIRT1 activation (24) . SRT501, another commercial micronized RSV formulation, recapitulated a molecular signature that overlaps with that of CR, such as enhanced mitochondrial biogenesis, improved metabolic signaling pathways, and blunted proinflammatory pathways in mice fed a high calorie diet. SRT501generated a gene expression profile that mirrored that of CR (53) . This formulations has been also shown to lower blood glucose and to improve insulin sensitivity in patients with type 2 diabetes in a Phase IIa trial, warranting further clinical exploration to assess its potential clinical utility (54).
Sirtuin activators structurally unrelated to resveratrol
The implication of sirtuins in the regulation of energy expenditure and ageing-related pathologies has focused the attention to the discovery of new molecules able to stimulate sirtuin activities more potently than RSV. Milne et al. identified small molecule activators of SIRT1 that are structurally unrelated to RSV, but hundred-fold more potent. The compound named SRT1720 ( Figure 1B) was the most effective, and stimulated 750% SIRT1 activity at 10 μM. It was determined that SRT1720 binds and activate the enzyme at the same molecular site as RSV, because compound combination resulted in additive SIRT1 activation, the amino acids 183-225 N-terminal to the core domain being important in defining the compound binding site (55) . SRT1720 increased the deacetylation of SIRT1 substrates (e.g. p53, the transcriptional co-activator PGC-1α, and Foxo1a) in vivo and in vitro (53) . The therapeutic potential of SIRT1720 to treat insulin resistance and diabetes was tested in three in vivo models of type 2 diabetes: genetically obese mice (Lep ob/ob) and DIO mice, and in the Zucker fa/fa rat, which is a genetically obese rodent model for studying insulin resistance. Administration of SRT1720 reduced fed glucose levels, partially normalizing elevated insulin levels, significantly reduced fasting blood glucose to near normal levels in mice on high-fat diet, strongly protecting mice from DIO and insulin resistance by enhancing oxidative metabolism in skeletal muscle, liver, and brown adipose tissue, through a global metabolic adaptation mimicking low energy levels (53, 55, 56) . In vivo efficacy data for SRT501 and SRT1720 in multiple rodent models were similar, but SRT1720 was used at a concentration 10-fold lower than SRT501. Mitochondrial biogenesis occurs under CR, and SRT1720 induced mitochondrial biogenesis elevating mitochondrial respiration rates and ATP levels. In addition, SRT1720 accelerated recovery of mitochondrial functions after acute oxidant injury (57) . Furthermore, SRT1720 treatment significantly reduced levels of liver triglyceride content and aminotransferase and the expressions of lipogenic genes in a mouse model exhibiting obesity and insulin resistance (58) . Recently, it has been reported that SRT1720 extended both mean and maximum lifespan of adult mice fed a high-fat diet, and the lifespan extension was accompanied by health benefits including reduced liver steatosis, increased insulin sensitivity, enhanced locomotor activity and normalization of gene expression profiles and markers of inflammation and apoptosis, all in the absence of any observable toxicity (59) . Moreover, in a preclinical evaluation for cancer treatment, SRT1720 induced apoptosis in multiple myeloma cells in vitro and significantly decreased xenografted tumor growth, by a mechanism involving the ATM-CHK2/caspase 8/9 signalling axis (60).
New small molecule activators of SIRT1 which are unrelated to RSV such as a series of oxazolo [4,5-b] pyridines have been identified (61) (Figure 1 C) and have also synthesized a series of imidazo (1,2-b) thiazole derivatives compounds bearing an oxazolopyridine core with potential new therapeutic targets to treat various disorders. The most potent analogue within this series, namely compound 29 ( Figure 1D ), displayed significant oral bioavailability in the mouse, as well as in the rat, and showed oral antidiabetic activity in three different models for type 2 diabetes. A dose of 100 mg/kg of compound 29 taken once daily produced a significant reduction in fasting blood glucose level in the ob/ob deficient mice after just 1 week of treatment, in the DIO model after 2 weeks of dosing, and in the genetic Zucker fa/fa rat model after 3 weeks. Even after 10 weeks of dosing in the DIO mice, compound 29 was able to maintain a significantly lower level of fed glucose and insulin without affecting the body weight, as well as the overall clinical chemistry and hematology (62) .
SRT2104 is a newly developed compound able to attenuate inflammation in dextran sodium sulfate (DDS)-induced colitis model. SRT2104 (1-30 mg/kg) produced a greater reduction in the colitis score compared to prednisolone, while improving the loss in body weight. Of note, the anti-inflammatory effect of SRT2104 was absent in the SIRT1 KO mice (63) . SRT2104 has been also tested in a Phase IIa trial in patients with metabolic, inflammatory and cardiovascular diseases. It was found to be safe and well tolerated in Phase I trials in healthy volunteers. In a double-blind placebo-controlled study, SRT2104 was shown to significantly attenuate LPS-induced IL-6 and IL-8 release and activation of coagulation (64) . Different clinical trials have been completed to evaluate safety, tolerability, the pharmacokinetics and the bioavailability of SRT2104 and SRT2379, another SIRT activator (see in http://clinicaltrials.gov/). Also, pyrrolo[3,2-b]quinoxalines have been described as potent lipolytic agents which also showed anti-inflammatory properties in vitro, but their putative utility in animal models has been not reported (65) . Finally, Mai et al. prepared new 1,4-dihydropyridine (DHP) derivatives compounds and they found that the DHPs bearing a benzyl group at the N1 position behaved as potent, dose-dependent human SIRT1, SIRT2 and SIRT3 activators, leading to a significant increase in mitochondrial density and reduced senescence in murine C2C12 myoblasts (66) . This constitutes the first report of small molecule activators of sirtuins different than SIRT1. However, modulation of sirtuin activity by these compounds was assessed using the Fluor de Lys fluorescent biochemical assay (BioMol) (66) , which validity has been seriously questioned (67) (68) (69) (70) (71) .
It must be mentioned that, to date, none of sirtuin activators have been demonstrated to increase lifespan of mice fed a normal diet. However, the effects of sirtuin activation on overall health and age-related diseases (healthspan) may be as interesting as a putative effect on lifespan.
The controversy of sirtuin activation by small molecules
Originally, it was proposed that RSV might bind to the non-catalytic N-terminus of SIRT1 to induce a conformational change that lowers the Michaelis constant for both the acetylated substrate and NAD + (72) . Maximal SIRT1 activation (780% of control) was achieved at a RSV concentration of 200 μM (41). However, due to its poor bioavailability, the peak plasma levels of RSV and metabolites only reached about 2 μM after an oral dose of 25 mg in humans (73) , making it controversial that in vivo effects of RSV were based on direct activation of SIRT1. Later it was seriously questioned that RSV was a direct activator of SIRT1, because RSV could activate deacetylation of Ac-Arg-His-Lys-Lys-Ac-AMC catalyzed by SIRT1, but not of the simple amide or acid of this peptide (68, 70) . Not only RSV, but also the second-generation sirtuin activators, SRT1460, SRT1720, and SRT2183, were reported to activate SIRT1 when fluorescent substrates were used in the deacetylase assay, but not when unmodified peptides or the native protein substrates were used (71) . Another paper has recently published the kinetic and biophysical evidence for direct interaction of enzyme and activators, confirming that SRT1460 and SRT1720 can bind to fluorescently labeled peptides (74) . However, they were one step beyond to demonstrate that selected peptide sequences composed of only natural amino acids could be competent substrates for activation of SIRT1, suggesting that SIRT1-catalyzed deacetylation is accelerated by the activators only when the peptide bears specific ring systems, designated as "activation cofactors". Striking inconsistencies between in vivo effects of sirtuin activators found in two recent studies, one reporting that SRT1720 neither lowered plasma glucose nor improved mitochondrial capacity in mice fed a high fat diet (71) and the other showing an increase on health and lifespan of mice treated with two different doses of SRT1720 for 2 years on a high fat diet (59) warrant further research using comparable experimental designs.
More recently, new evidences support that the indirect activation of SIRT1 by RVS is mediated by the activation of AMPK. AMPK acts as a primary initial sensor that increases NAD + levels, thus inducing a higher deacetylation of SIRT1 targets, PGC-1α and FOXO1, due to concomitant increases of SIRT1 activity (75, 76) . One strong mechanistic study has demonstrated that metabolic effects of RSV can be accounted by elevation of cAMP levels both in skeletal muscle and white adipose tissue by inhibiting phosphodiesterases, because RSV competes with cAMP in its binding site. The elevation of citosolyc cAMP activates the cAMP effector protein Epac1, which increases levels of cytosolic Ca 2+ , thus inducing AMPK phosphorylation via calcium/calmodulin-dependent protein kinase II. The activation of AMPK increases NAD + levels, thus leading to SIRT1 activation (77) . A diagram of this mechanism is shown in Figure 2 . This study unequivocally establishes that RSV is at least an indirect activator of SIRT1, and poses a plausible mechanism to explain its metabolic effects. Similar mechanistic studies for SIRT1 activators structurally unrelated to RSV are needed.
Sirtuin inhibitors
All sirtuins require nicotinamide adenine dinucleotide (NAD + ) as an essential cofactor (5). The initial step of the proposed reaction mechanism is the cleavage of nicotinamide (NIC) from NAD + whereas ADP-ribose binds the acetyl-peptide with the formation of a 0-alkylamidate intermediate. NIC is a potent product inhibitor of the reaction because it can rebind to the 0-alkylamidate intermediate form of the enzyme and attack the intermediate (78) . Recently it has been reported that NIC increases megakariocyte maturation and ploidy without altering normal megakariocyte ultrastructure at least in part through SIRT1 inhibition, by increasing the p53 binding to its consensus DNA binding sequence (79) .
While the beneficial impact of increased SIRT1 activity observed in several animal models favored the discovery and design of pharmacological activators of sirtuins, presumably as CR mimetics, sirtuin inhibitors can also be potentially useful as therapeutic agents because up-regulated SIRT1 has been described in cancer cell lines (22) (23) (24) , raising the possibility that SIRT1 inhibition might suppress cancer cell proliferation. In addition to cancer therapy, sirtuin inhibitors have also been proposed in the treatment of Parkinson's disease (80) , leishmaniosis (81) , and human immunodeficiency virus (82), among others. Furthermore, it is important to consider that SIRT3, SIRT4, and SIRT5 are located into the mitochondria, where a high number of mitochondrial proteins suffer cycles of acetylation/deacetylation processes important for energy metabolism and apoptosis initiation, but also in the context of various diseases such as metabolic syndrome and cancer (83) .
In contrast with the activators field, where only SIRT1 activators have been developed, sirtuin inhibitors with a wide range of core structures have been identified for SIRT1, SIRT2, SIRT3 and SIRT5 through high-throughput and in silico screenings. Most of the sirtuin inhibitors characterized so far only inhibit SIRT1 and/or SIRT2, but also some of them inhibit SIRT3 and SIRT5 with a lower affinity. This review outlines biological evaluations of sirtuin inhibitors. Two recent publications have reviewed the development of pharmacological small molecule inhibitors of the sirtuins and their chemical modifications, highlighting strategies to enhance inhibitory activity and selectivity among sirtuin isoforms (84, 85).
Splitomicin and its derivatives
To provide a new tool to dissect the functional role of Sir2 in vivo, Bedalov et al identified a compound, splitomicin ( Figure 3A ), which creates a conditional phenocopy of a Sir2 deletion mutant in Saccharomyces cerevisiae. Splitomicin inhibits Sir2 with an IC 50 of 60 μM (86). However, splitomicin showed rather weak inhibition on human SIRT1. Based on the docking and free energy calculations, it was demonstrated a clear preference for one of the two β-phenylsplitomicin stereoisomers, and a link between increased enzyme inhibition and antiproliferative effect in MCF-7 breast cancer cells was established (87) . SIRT1 plays an important role in the expansion of the CGG • CCG-repeat tract resulting in Fragile X syndrome, the most common heritable form of mental retardation, by the heterochromatinization of the promoter and gene silencing. Interestingly, splitomicinmediated inhibition of SIRT1 activity attenuates gene silencing in Fragile X mental retardation syndrome (88) .
Cycles of acetylation and deacetylation regulate the human immunodeficiency virus (HIV) Tat protein. Acetylated Tat, bound to the elongating polymerase, recruits the transcriptional coactivator PCAF via its acetyl group and the bromodomain of PCAF. Deacetylation of Tat by SIRT1 could lead to its dissociation from the elongating polymerase and from PCAF. Pagans et al. have identified a splitomicin derivative, called HR73 ( Figure 3B) , which inhibited the activity of SIRT1 in vitro with an IC 50 lower than 5 μM, validating SIRT1 as a novel therapeutic target for HIV infection (82).
Sirtinol
In a cell-based screen, Grozinger et al. (2001) concurrently discovered another sirtuin inhibitor, sirtinol (2-[(2-hydroxy-naphthalen-1-ylmethylene)-amino]-N-(1-phenyl-ethyl)-benzamide) ( Figure 3C ) that inhibited both yeast Sir2 and human SIRT2 activity in vitro.
The 2-hydroxyl-1-napthol moiety was demonstrated to be sufficient for inhibition (89) . Two analogues, m-and p-sirtinol, were 2-to 10-fold more potent than sirtinol against human SIRT1 and SIRT2 (90) . SIRT1 expression may play an important role in promoting cell growth. Downregulation of p53 activity by deacetylation may result in reduced apoptosis in response to various genotoxic stimuli (8) and thus, inhibitors of SIRT1 such as sirtinol may have anticancer potential. Sirtinol induced senescence-like growth arrest in human breast cancer MCF-7 and lung cancer H1299 cells (91) , and enhanced chemosensitivity to camptothecin and cisplatin in PC3, DU145 and HeLa cells, resulting in a significant reduction of viable cells due to enhanced apoptotic cell death (92) (93) (94) . Moreover, it has been reported that sirtinol, nicotinamide and SIRT3 down-regulation inhibited cell growth and proliferation and induced apoptosis in oral squamous cell carcinoma (OSCC) cell lines in vitro and in vivo where SIRT3 is overexpressed compared with other sirtuins. SIRT3 downregulation also enhanced the sensitivity of OSCC cells to radiation and cis-platin-induced cytotoxicity (95) .
Furthermore, increasing the dosage of Sir2/SIRT1 exacerbated muscle pathology in a nematode model of the oculopharyngeal muscular dystrophy, a disease caused by polyalanine expansion in the nuclear protein PABPN1, and the treatment with sirtinol was protective (96, 97) . Sirtinol treatment also reduced inflammation in human dermal microvascular endothelial cells, modulating the expression of adhesion molecules and monocyte adhesion in primary human dermal microvascular endothelial cells (98) , and induced apoptosis in Leishmania infontum, significantly inhibiting the in vitro proliferation of this axenic amastigote (81).
AGK2
The inhibition of SIRT2 activity has been reported to confer neuroprotection. The most common histopathological feature in Parkinson disease (PD) is the presence of concentric hyaline cytoplasmic inclusions, called Lewy bodies, which contain the protein α-synuclein (α-syn). SIRT2 inhibition via small interfering RNA or by addition of AGK2 ( Figure 3D) rescued α-syn toxicity and modified inclusion morphology in a cellular model of PD, ameliorated mutant α-syn neurotoxicity in rat primary dopamine-positive neurons, and rescued degeneration of dopaminergic neurons from α-syn toxicity in a Drosophila PD model (80) . Treatment with AGK2 led to an increase in acetylated tubulin (80) , but also exacerbated H 2 O 2 -induced decreases in the intracellular ATP levels, increasing necrosis of PC12 cells without affecting autophagy, and induced caspase-3-dependent apoptosis in C-6 glioma cells (99, 100) . Also, inhibition of SIRT2 achieved neuroprotection in cellular and invertebrate models of Huntington's disease (HD) down-regulating the RNAs responsible for sterol biosynthesis (101) . In addition to the neuroprotective effect of SIRT2 inhibition in PD and HD models, pharmacological inhibition of SIRT1/2 by nicotinamide, AGK2 or cambinol, also augmented ploidy in cultured megakaryocytic cells increasing acetylation of nucleosomes and p53 (79).
Cambinol
Cambinol ( Figure 3E ) is a chemically stable compound that shares a β-naphtol pharmacophore with sirtinol and splitomicin, and inhibits both SIRT1 and SIRT2 in vitro with IC 50 values of 56 and 59 μM respectively. Cambinol displayed only weak inhibitory activity against SIRT5 (42% inhibition at 300 μM) (102) . Cambinol was well tolerated in mice and inhibited growth of Burkitt lymphoma xenografts, inducing apoptosis via hyperacetylation of BCL6 oncoprotein and p53 (102) . Changes in the phenyl ring of cambinol improved activity and increased selectivity for SIRT1, whereas incorporation of substitutents at the N1-position led to an increase in potency against SIRT2 in vitro that was not seen for SIRT1, resulting in the identification of a range of SIRT2 selective analogs (103).
Suramin
Unlike cambinol, suramin ( Figure 3H ) is a more potent inhibitor towards SIRT5 NAD + -dependent deacetylase activity, with an IC 50 value of 22 μM (104). Suramin is also a potent inhibitor of SIRT1 (IC 50 =0.297 μM) and SIRT2 (IC 50 = 1.15 μM) (105) . Suramin is a polyanionic naphthylurea that was originally used for the treatment of trypanosomiasis, but also shows antiproliferative and antiviral activity (106).
Tenovin
Using a cell-based screen for small molecules able to activate p53 and decrease tumor growth, Lain et al. (2008) found two SIRT1 inhibitors: tenovin-1 and its more water soluble analog tenovin-6 ( Figure 3G ). Both compounds decreased tumor growth in vitro at one-digit micromolar concentrations, and delayed tumor growth in vivo without significant general toxicity (107) . SIRT1 activation promotes cell survival in chronic myelogenous leukemia (CML) and proliferation was associated with deacetylation of multiple SIRT1 substrates, including FOXO1, p53 and KU70. Treatment of mice with the SIRT1 inhibitor tenovin-6 prevented the disease progression (108) . Recently, a series of more water soluble analogues of tenovin-1 and tenovin-6 that, in general, retained the desired biological activity has been developed. Tenovin-1 analogues adopt a preferred conformation in solution that contains an intramolecular hydrogen bond that is essential for SIRT1 binding. Also, the replacement of the 4-tert-butyl substituent in tenovin-6 with shorter alkyl chains (4-propyl or 4-iso-propyl substituent) showed the initially expected activity in cells, but analogues with longer n-alkyl chains (4-n-butyl or 4-n-pentyl substituent) proved either toxic or inactive in cells (109).
Salermide
Salermide (N-{3-[(2-hydroxy-1-naphthalenylmethylene)-amino]-phenyl 2}-phenylpropionamide) ( Figure 3F ) is a reverse amide with a strong in vitro inhibitory effect on SIRT1 and SIRT2. Salermide was well tolerated by mice at concentrations up to 100 μM and induced p53-independent apoptosis in cancer but not in normal cells, by reactivation of proapoptotic genes that had been epigenetically repressed exclusively in cancer cells by SIRT1 (110) . Another study using breast carcinoma cell lines and p53-deficient mouse fibroblasts reported that p53 is essential for salermide-induced apoptosis, as well as for sirtinol, another SIRT1 and SIRT2 inhibitor (94) . Salermide effect can be mediated by the up-regulation of death receptor 5 expression in human non-small cell lung cancer cells (111).
Other inhibitors of human sirtuins
Other inhibitors of SIRT1 and SIRT2 have been described, and they have been previously reviewed (22, 39, 84, 85) . They include lysine-based tripeptide analogues, non-peptide containing N-thioacetyl lysine, thiobarbiturates, indol derivatives (EX-527), and other inhibitors based on diverse structural cores.
Conclusions
Since they hold sway over such a wide range of cellular targets and locations, mammalian sirtuins are linked to healthy ageing, and the search for sirtuin modulators is a hot topic because of their possible therapeutic use in age-related diseases, metabolic and cardiovascular diseases, and inflammation. There are well documented activators for SIRT1 and inhibitors for SIRT1 and SIRT2. Despite the original controversy about whether or not RSV and other structurally unrelated compounds are direct activators of SIRT1, recent mechanistic data demonstrates that, at least indirectly, RSV indeed activates SIRT1 activity in vivo by increasing NAD + levels. SIRT1 activators have been proposed for treating and/or preventing a wide variety of diseases and disorders including those related to aging or stress, diabetes, obesity, neurodegenerative diseases, cardiovascular disease, blood clotting disorders and inflammation. Both antagonistic mechanisms, i.e. SIRT1 activation and inhibition, have been proposed in cancer therapy. SIRT1 inhibition has also been proposed in the treatment of immunodeficiency virus infections, Fragile X mental retardation syndrome and even for the prevention or the treatment of parasitic diseases, whereas SIRT2 inhibitors might be useful for the treatment of cancer and neurodegenerative diseases such as PD or HD. Mechanism of Sirt1activation by RSV. The metabolic effects of RSV can be accounted for competitive inhibition of cAMP-degrading phosphodiesterases and the elevation of cytosolic calcium via the cAMP effector protein Epac1. This pathway activates the calcium/ calmodulin-dependent protein kinase II which phosphorylates AMPK, which in turn increases of NAD + levels, thus leading ultimately to SIRT1 activation. 
